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Background Lymphaticovenular anastomosis (LVA) is a minimally invasive surgical procedure
used to treat lymphedema. Volumetric measurements and quality-of-life assessments are often performed to assess the effectiveness of LVA, but there is no method that provides information regarding postoperative morphological changes in lymphatic vessels and veins after
LVA. Photoacoustic lymphangiography (PAL) is an optical imaging technique that visualizes
the distribution of light-absorbing molecules, such as hemoglobin or indocyanine green (ICG),
and provides three-dimensional images of superficial lymphatic vessels and the venous system simultaneously. In this study, we performed PAL in lymphedema patients before and after LVA and compared the images to evaluate the effect of LVA.
Methods PAL was performed using the PAI-05 system in three patients (one man, two
women) with lymphedema, including one primary case and two secondary cases, before LVA.
ICG fluorescence lymphography was performed in all cases before PAL. Follow-up PAL was
performed between 5 days and 5 months after LVA.
Results PAL enabled the simultaneous visualization of clear lymphatic vessels that could not
be accurately seen with ICG fluorescence lymphography and veins. We were also able to observe and analyze morphological changes such as the width and the number of lymphatic
vessels and veins during the follow-up PAL after LVA.
Conclusions By comparing preoperative and postoperative PAL images, it was possible to
analyze the morphological changes in lymphatic vessels and veins that occurred after LVA.
Our study suggests that PAL would be useful when assessing the effect of LVA surgery.
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INTRODUCTION
Lymphedema is a chronic condition where excess lymphatic
fluid collects in the interstitial tissues, followed by subsequent

inflammation, fibrosis, and adipose tissue deposition. Lymphedema can occur as a result of a congenital defect or by a blockage in the lymphatic system, such as in cases where a lymph
node becomes impaired or has been removed. Lymphaticoven-
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ular anastomosis (LVA), one of the surgical treatments for
lymphedema, is a bypass procedure in which lymphatic vessels
in the affected limb are directly connected to nearby veins for
the purpose of redirecting excess lymphatic fluid into the venous system [1].
As a result of lymphedema treatment with LVA, subjective improvements of the affected area occurred in 70%–80% of cases,
and objective improvements, as measured by volume changes,
were observed in 40%–80% [2,3]. Several methods are used to
assess the efficacy of LVA, including indocyanine green (ICG)
fluorescence lymphography, lymphoscintigraphy, magnetic resonance lymphography, and ultrasonography. However, the postoperative changes in the lymphatic system and veins after LVA
remain largely unknown, as conventional imaging modalities
have a limited ability to provide morphological information
about the lymphatic vessels and veins.
Photoacoustic lymphangiography (PAL) is an imaging modality based on a photoacoustic technique, in which pulsed laser
light is delivered into a light-absorbing tissue component. The
delivered light energy is converted into heat, leading to transient
expansion and thus ultrasonic emission. This expansion generates ultrasonic waves that are detected by the sensor and then
the signals are processed to produce three-dimensional images.
Thus, PAL can visualize the distribution of light-absorbing molecules, such as hemoglobin or ICG, and provide three-dimensional images of superficial lymphatic vessels and the venous
system simultaneously [4]. Using PAL, we were able to obtain
morphological information on the lymphatic vessels and veins
in a single examination [5]. In this study, we compared PAL images before and after LVA to assess morphological changes in
the lymphatic vessels and veins.

We analyzed the morphological characteristics of the lymphatic
vessels and veins, such as their width and number, in both preoperative and postoperative PAL images, and then compared
those images and analyzed their differences. The width of each
lymphatic vessel was obtained by calculating the area from a
transverse section taken from its maximum diameter (pi times
the squared half of the transverse diameter).
All procedures were carried out in accordance with the ethical
standards of the Ethics Committee at Keio University Hospital
and the Certified Review Board of Keio (No. CRB3180017),
and within the framework of the Helsinki Declaration of 1975,
as revised in 1983. Patients were informed of the procedure to
obtain their full collaboration and informed consent was obtained from all individual participants.

METHODS

Case 1

PAL was performed in three patients enrolled from April 2018
to January 2019. ICG fluorescence lymphography was performed in all cases using a near-infrared camera system before
PAL. The three-dimensional photoacoustic visualization system
(PAI-05) was used for PAL [4]. ICG (5 mg/mL, 0.1 mL of ICG
for each site) was administered subcutaneously at three sites of
the affected foot of the patient, with two injections in the interdigital web of the dorsal aspect of the foot and one injection
posterior to the lateral malleolus. The PAL examination was
conducted at the medial and posterior sides of the lower limb.
Depending on the findings of ICG fluorescence lymphography,
the examination site was changed to where lymphatic vessels
were observed. Postoperative PAL images were obtained at the
same examination site where LVA had been performed before.
324

RESULTS
All patients underwent the PAL examinations without any complications. A linear and diffuse appearance of the lymphatic system was observed using ICG fluorescence lymphography of the
affected extremity in all cases. It was difficult to identify each
lymphatic vessel within the dermal backflow findings using ICG
fluorescence lymphography. In contrast, with PAL, we were able
to clearly observe lymphatic vessels that could not be seen accurately using ICG fluorescence lymphography. In preoperative
PAL images, lymphatic vessels with a linear or tortuous appearance were identified in the affected limbs of all patients. In addition, PAL simultaneously provided information about veins.
PAL was performed after LVA in all cases. When compared to
preoperative PAL images, postoperative PAL showed various
morphological changes in lymphatic vessels and veins.

A 64-year-old woman presented with lymphedema of the left
lower leg for 10 years after cervical cancer treatment. The patient underwent ICG fluorescence lymphography and PAL on
the medial side of the left lower leg before and after LVA (Fig.
1A). Below the knee, the lymphatic vessels showed a linear appearance on ICG fluorescence lymphography. However, PAL
identified five lymphatic collectors with a linear appearance that
were not precisely seen with ICG fluorescence lymphography
(Fig. 1B). The diameter of each lymphatic collector was 0.4–0.7
mm. Postoperative PAL was performed 5 months after LVA
(one side-to-end anastomosis). In the postoperative PAL examination (Fig. 1C), four additional lymphatic collectors that were
assumed to be different pathways from the lymphatic collectors
observed in the preoperative PAL image were observed at the
medial aspect of the left lower leg. The diameter of each lym-
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Fig. 1. Secondary lymphedema of the left leg. A 64-year-old woman presented with secondary lymphedema of the left leg. (A) An image of the
medial side of the left lower leg shows the area examined preoperatively using indocyanine green (ICG) fluorescence lymphography and photoacoustic lymphangiography (PAL) (white square). The lymphatic vessels observed with ICG fluorescence lymphography were marked on the leg
(red lines). (B) A preoperative PAL image shows the lymphatic vessels clearly (white circle). (C) A postoperative PAL image shows an increased
number of dilated lymphatic vessels. Four lymphatic vessels, which ran in a pathway from the dorsal aspect of the foot to the proximal direction, were newly observed at the medial aspect of the left lower leg (red arrows). The bypassed lymphatic vessel (white arrow) was visualized
from the LVA site to the proximal aspect. (D) Overlay of the preoperative PAL image shows lymphatic vessels (yellow) and veins (blue). (E) Overlay of the postoperative PAL image shows lymphatic vessels (yellow) and veins (blue).

phatic collector was 0.6–1.7 mm. The lymphatic collectors observed in the preoperative PAL image appeared dilated by about
2.6 times in the affected leg after LVA. We were also able to observe that the lymphatic flow from the LVA site (Fig. 1C, white
arrow) to the proximal aspect had built up in the bypassed lymphatic collector. The venous system was observed using PAL
before LVA (Fig. 1D) and the width of the veins in the affected
area appeared to have decreased after LVA (Fig. 1E). There was
no significant difference in the number of veins observed before
and after LVA.

Case 2
A 69-year-old woman was diagnosed with lymphedema of the
right lower leg for 7 years after cervical cancer treatment. The
patient underwent ICG fluorescence lymphography and PAL
on the medial side of the right leg before and after LVA (Fig.
2A). Using ICG fluorescence lymphography, a linear appearance was observed in the affected leg. However, three lymphatic
collectors were clearly identified using PAL (Fig. 2B). The patient underwent LVA at two sites: the distal (side-to-end anastomosis) and the proximal (end-to-end anastomosis) sides of the
affected leg. Four additional lymphatic collectors were visible
when PAL was performed 5 days after LVA (Fig. 2C). Two lymphatic collectors appeared to run in the same pathway that was
observed in the preoperative PAL image, while on the posterior
side of the affected leg, two other lymphatic collectors presented
a different pathway. The diameters of the lymphatic collectors in
the preoperative and postoperative PAL images were 0.6–1.0

mm and 0.8–1.3 mm, respectively. These lymphatic collectors
were also dilated by about 1.5 times after LVA, as seen in case 1.
However, LVA did not significantly alter the veins of the affected
leg, as shown by comparing the preoperative (Fig. 2D) and
postoperative (Fig. 2E) PAL images in case 2.

Case 3
A 23-year-old man was diagnosed with primary lymphedema of
both lower legs and underwent PAL and ICG fluorescence lymphography preoperatively. We only examined the right leg, as
the symptomatic presentation (e.g., swelling) in the right leg
was more severe than that in the left leg (Fig. 3A). Using ICG
fluorescence lymphography, a diffuse appearance was observed
at the distal part of the right leg. When PAL was performed preoperatively, two lymphatic collectors were observed (Fig. 3B).
The diameters of the lymphatic collectors were about 0.3 mm.
The patient underwent LVA at three sites (one end-to-end anastomosis, two side-to-end anastomoses) on the distal side of the
affected leg. PAL was then performed again 2 months after LVA
and three lymphatic collectors were additionally observed at the
posterior aspect of the affected leg, compared to the preoperative PAL image (Fig. 3C). The diameter of the lymphatic collector observed in the preoperative PAL image was also approximately 0.3 mm in the postoperative PAL image. There was no
change in the diameter of the lymphatic collector in the PAL
image after LVA. There were also no significant morphological
changes in the veins (Fig. 3D and E).
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Fig. 2. Secondary lymphedema of the right leg. A 69-year-old woman presented with secondary lymphedema of the right leg. (A) An image of
the medial side of the right lower leg shows the area examined using indocyanine green (ICG) fluorescence lymphography and photoacoustic
lymphangiography (PAL) (white square). The lymphatic vessels observed with ICG fluorescence lymphography were marked on the leg (red lines).
(B) A preoperative PAL image shows clear lymphatic vessels. (C) A postoperative PAL image shows additional four lymphatic vessels: two lymphatic
vessels are observed on the posterior side of the affected leg (blue arrows), while the other two lymphatic vessels along run the same pathway
with the lymphatic vessel observed in the preoperative PAL image (red arrows). (D) Overlay of the preoperative PAL image shows lymphatic vessels
(yellow) and veins (blue). Adjacent veins are observed. (E) Overlay of the postoperative PAL image shows lymphatic vessels (yellow) and veins (blue).
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Fig. 3. Primary lymphedema of both legs. A 23-year-old man presented with primary lymphedema of the right leg. (A) An image of the medial
side of the right lower leg shows the area examined using indocyanine green (ICG) fluorescence lymphography and photoacoustic lymphangiography (PAL) (white square). (B) A preoperative PAL image shows two lymphatic vessels (red arrows). (C) A postoperative PAL image shows an increased number of lymphatic vessels on the posterior side of the affected leg (white arrows). There is no remarkable change in the width of the
lymphatic vessels (red arrow). (D) Overlay of the preoperative PAL image shows lymphatic vessels (yellow: red arrow) and veins (blue). Adjacent
veins are visualized. (E) Overlay of the postoperative PAL image shows lymphatic vessels (yellow: red arrow and white arrows) and veins (blue).

DISCUSSION
The primary function of the lymphatic system is reabsorption
and transportation of interstitial fluid that accumulates in the interstitial tissue space [6]. Lymphedema is a chronic disease
caused by compromised lymphatic drainage. Regarding the
pathological manifestations of lymphedema, the primary
change is the accumulation of interstitial fluid due to insufficient
lymphatic drainage, which leads to an increase in the tissue osmotic pressure and inflammatory changes [4,7]. Stasis of the in326

terstitial fluid results in outflow resistance and an increase in
lymphatic pressure, which induces lymphatic vessel dilation and
valve dysfunction [8]. As lymphedema progresses, fibrotic
changes occur in the lymphatic vessels due to collagen deposition and the lymphatic vessels become contracted and lose their
normal permeability [9,10]. Adipose tissue deposition is the final pathological feature of lymphedema, and results from tissue
fibrosis and chronic inflammation [11]. Therefore, management of tissue fluid accumulation in the early stage can be effective for preventing the development of subsequent pathological
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changes and lymphedema progression.
However, the exact pathophysiology of lymphedema is still
unclear; therefore, no consensus exists regarding the most appropriate treatment [8,12]. Understanding the pathophysiology
of lymphedema and the morphological changes of the lymphatic vessels according to the extent of disease progression is important for the successful treatment of lymphedema.
LVA is a surgical method used for the treatment of lymphedema. Impaired lymphatic vessels are anastomosed to adjacent
veins, and improvement in lymphatic drainage occurs by allowing excess lymph to bypass areas of low or obstructed lymph
flow [4]. Volumetric measurements and quality-of-life assessments are commonly used to assess the effects of LVA. However, no method directly provides sufficient evidence of the effect
of LVA on lymphedema. Various imaging methods, such as
computed tomography scans, magnetic resonance lymphography, and ICG fluorescence lymphography, are used; however,
these modalities have limitations in their ability to describe the
relevant physiological and morphological changes, including
the flow, distribution, number, and subtle structure of the lymphatic vessels and veins.
PAL enables a comparison of the morphological changes of
the lymphatic vessels and veins as a result of LVA. Below, we
present a potential explanation of our results regarding morphological changes within the lymphatic vessels and veins after
LVA, based on current knowledge on the pathophysiology of
lymphedema.
In our study, PAL demonstrated an increase in the number of
lymphatic collectors seen in the affected areas of patients after
LVA treatment. The new lymphatic collectors shown in postoperative PAL images most likely were not regenerated, but instead
became visible owing to a reduction in the distance between the
surface of the skin and the lymphatic collectors concomitantly
with a reduction in the severity of edema. The PAL device has a
depth range of up to about 2 cm; thus, as edema decreases, the
ability of PAL to visualize vessels within the deeper layer improves. In case 1, the lymphatic collectors that were newly revealed by postoperative PAL constituted pathways that led from
the dorsal aspect of the foot and continued to the proximal side
of the leg. When comparing before-and-after PAL images, we
observed an increased number of lymphatic collectors, which
may reflect the reduction in the swelling of the affected area.
The diameters of the lymphatic collectors in the postoperative
PAL images were also significantly wider than those in preoperative PAL images in cases 1 and 2. In lymphedema, lymphatic
vessels are initially dilated owing to increased lymphatic pressure, but they become contracted due to wall thickening as
lymphedema progresses [13]. A change in the diameter of a

lymphatic vessel can reflect disease progression according to the
above-described pathophysiology of lymphedema. It is known
that lymphatic dilation is reduced due to decreased interstitial
pressure when lymphedema improves. However, it remains unclear what changes actually occur in the diameter of lymphatic
vessels after edema is reduced. Either dilation or contraction of
lymphatic vessels may appear during the process of edema reduction because the diameter of lymphatic vessels is affected by
several factors, including lymphatic fibrosis, interstitial fluid
pressure, and lymphatic flow [12,14].
The outcomes of cases 1 and 2 were likely caused by an increased flow of lymphatic fluid or improvement of lymphatic
collector contraction, suggesting that the wall thickening was reduced after LVA, or that both of the above-discussed mechanisms may have been involved. In addition, it is possible that
these changes may have resulted from an improvement of lymphatic drainage.
In contrast, in case 3 (primary lymphedema), no change in the
lymphatic collector diameter was observed after LVA. However,
clinical manifestations such as edema had reduced. PAL has
limitations in imaging lymphatic vessels located in the deep layer, so this result suggests only that the lymphatic collectors observed in the preoperative PAL image were not changed by
LVA.
Regarding the effect of LVA on the veins of the affected limb,
only one patient (case 1) presented thinner-appearing veins as
shown by PAL. In lymphedema, the vascular system increases
blood flow through vasodilatation and angiogenesis to compensate for impaired lymphatic drainage, which leads to an increased filtration load [8,14]. We suggest that the reduced diameter of the vein after LVA was caused by a decrease in the venous
pressure as lymphatic drainage improved, followed by decreased
interstitial fluid pressure.
A limitation of this study is that the number of patients was
small. Further studies need to be done to establish the morphological changes of lymphatic vessels and veins after LVA.
PAL enabled a detailed comparison of the morphological
changes of the lymphatic collectors and veins in individuals with
lymphedema before and after LVA. The obtained results objectively document the effects of LVA, and may also provide information about the degree of lymphatic progression, which would
be useful for selecting patients for LVA and predicting lymphedema improvement.
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